Acetylcholine, injected im into does immediately after natural mating, significantly increased the number of sperm recovered 1 h later from the vagina and cervices but not from the oviducts. Acetylcholine caused immediate increases in the frequency and amplitude of uterine contractions as measured by strain-gauge force transducers attached to the serosa and recorded by physiograph; contraction patterns returned to the preinjection pattern within 30 rain. Administration of prostaglandin Fza (.75 mg) at the time of insemination increased sperm numbers significantly at 2.5 h in the oviducts, uterus and cervices; .15 or 3.75 mg caused relatively little increase in sperm numbers. Prostaglandin F2a increased the number and strength of uterine contractions for more than 30 min. Estradiol injected i h before artificial insemination increased the number of sperm recovered from the oviducts, uterus, cervices and vagina at 2.5 h after insemination. Estradiol caused little if any detectable increase in the frequency or strength of uterine contractions during the period of increased retention and transport of sperm. When does were inseminated with low numbers of sperm (86,000), prostaglandin F2a and phenylephrine, used for comparison, each increased the ovum fertilization rate (22% for control does; 76 and 73%, respectively, for prostaglandin F:a-or phenyll Reprod. Lab., Anita. Sci. Institute, Beltsville Agr. Res. Center, ARS.
= The authors wish to thank Douglas Caldwell for capable technical assistance and Linda Neuenhahn for typing the manuscript.
3Mention of companies or products in this report does not constitute endorsement by the USDA to the exclusion of others not mentioned.
ephrine-treated does).
(Key Words: Rabbits, Sperm Transport, Acetylcholine, Prostagiandin F2c~, Estradiol, Uterine Contractions.)
I ntroduction
The administration of estradiol, prostaglandin F2a phenylephrine or ergonovine to rabbit does near the time of insemination increased the number of sperm in the oviducts by at least lO-fold at 2 h after insemination Cooper, 1978, 1979; Hawk et at., 1982) . Wlfen low numbers of sperm were used for insemination, estradiol, phenylephrine and ergonovine increased the proportion of ova fertilized. Phenylephrine also increased the frequency and amplitude of contractions of the uterus of conscious rabbits (Hawk et al., 1982) , although it was not known whether the altered contraction pattern was responsible for the increased number of sperm in the oviducts.
The present study was undertaken to identify the optimal dose of prostaglandin F2a to increase sperm numbers in the reproductive tract of the doe, to relate effects of prostaglandin F2a and estradiol on uterine contractions to increased sperm numbers and to determine whether some other compounds known to increase or decrease smooth muscle activity would increase sperm numbers in the reproductive tract. These compounds included acetylcholine, metaproterenol and propantheline. Prostagiandin F:a was tested for ability to increase the fertilization rate.
Materials end Methods
Does were sexually mature New Zealand Whites that weighed about 4 kg each. Bucks selected for high sperm concentrations and high sperm motility were used in rotation for mating or semen collection. No buck was used more 891 than three times weekly. Does were mated naturally in the first experiments (1 and 2), and inseminated artificially in subsequent experiments (3, 5 and 7).
Exp. 1. Acetylcboline. Does were mated once to each of two bucks within 5 min. Immediately after the second mating, acetylcholine chloride 4 was injected im at 5 rag/doe (Phase A) or, in subsequent replicates (Phase B), at 20 mg/doe. Acetylcholine was given in 1 ml of saline solution (.9% NaCI). Acetylcholine causes immediate contractile activity in rat uteri (Hargrove et al., 1976) .
One hour after the does were mated, they were sacrificed by pentobarbital injected iv. The entire reproductive tract, including the vulva, was removed. The oviducts, uterine horns, cervices and vagina were flushed or washed separately with saline solution, as described previously (Hawk and Cooper, 1978; Hawk et al., 1982) , and aliquots of the flushings or washings were counted at 200x in a hemacytometer under a phase contrast microscope.
Sperm counts were converted to log10 and analyzed statistically by analysis of variance. Arithmetic means and standard errors are given in the tables.
Exp. 2. Metaproterenol and Propantbeline.
Eight replicates of three does each were used to test the possibility that induced relaxation of the reproductive tract would reduce the drainage of sperm to the exterior that occurs within 30 rain after insemination (Morton and Glover, 1974) . Does were mated as in Exp. 1, treated immediately with saline solution, metaproterenol or propantheline, and necropsied 1 h after mating. Metaproterenol sulfate s , a betaadrenoceptor agonist known to decrease smooth muscle activity (Johnson et al., 1975; Siimes and Creasy, 1976) , was injected im at 80 mg/doe in 1.5 ml of saline solution. Propantheline bromide s, a cholinergic antagonist known to relax smooth muscle (Innes and Nickerson, 1975) , was injected im at 150 rag/doe in 2 ml of saline solution. Control does were given 2 ml of saline solution ira. Sperm were recovered as in Exp. 1 and data were analyzed by analysis of variance. (Steel and Torrie, 1960) .
Exp. 5. Effects of Acetylcboline and Prostaglandin F2~ on Uterine
Contractions. Contractions were measured by strain gauge force transducers attached to one uterine horn. The transducers were constructed as described by Bass and Wiley (1972) . Transducers were attached to the uterine serosa and the lead wire exteriorized on the back of the neck as described by Hawk et al. (1982) . Uterine contractions were recorded with a physiograph 5 to 10 d after the transducer was attached to the uterus. The does were conscious and sitting in a small box during recordings. Contractions were recorded for about 1 h, considered to be the control period, then im injections were made of 15 mg of acetylcholine or .75 mg of PGF. Recording was continued for 90 rain after the injection. Does were checked for estrus before the recording period and all were in estrus.
Recordings were made by a NARCO physiograph, with the recording paper moving at 3 cm/min. Uterine contractions, which were defined as vertical movements of 3 mm or more of the tracing pen, were analyzed for the following three 20-min periods: (1)immediately before injection of test compounds; (2) between 10 and 30 rain after injection and (3) between 60 and 80 min after injection. Contraction characteristics measured were: (1) number of primary contractions/20 min, either as individual contractions that rose from and returned to the baseline or as longer periods of increased uterine tone during which the recording pen stayed above the baseline with secondary at Universidad Autónoma Chapingo on August 28, 2013 www.journalofanimalscience.org Downloaded from contraction peaks superimposed; (2) number of secondary contractions superimposed on primary contractions; (3) total number of contractions, and (4) amplitude of primary contractions, measured as the height from the baseline to the highest point in a primary contraction. The amplitude of contractions for the 20-min period was averaged for each doe and the mean and standard errors listed in tables 4 and 6 were calculated from the mean for each doe within each period. The number and amplitude of contractions were analyzed by analysis of variance.
As an adjunct to Exp. 2 (metaproterenol and propantheline), strain gauge force transducers were placed on the serosa of the anterior segment of the vagina of four does. Five to ten days later, the does were treated with either 80 mg of metaproterenol or 150 mg of propantheline. A few days later the other compound was administered. Vaginal contractions were recorded for about 1 h before and about 2 h after treatment.
Exp. 5. Effect of Estradiol on Sperm Numbers.
In this experiment, of 2 • 2 factorial design, does were inseminated either while in estrus (designated as d 0) or 1 d later (d 1 after the induction of ovulation). The effect of exogenous estradiol on sperm numbers and uterine contractions might be detected more easily on the day after ovulation, when endogenous estradiol secretion is low (Shaikh and Harper, 1972) , than during estrus. Does inseminated on d 0 were given an im injection of either 1 ml of corn oil or 3/~g of estradiol-17/3 in 1 ml of corn oil followed 1 h later by an iv injection of 100 IU of human chorionic gonadotropin (hCG) and artificial insemination. Does inseminated on d 1 were given hCG on d 0 and corn oil or estradiol 23 h later followed by insemination 1 h after injection of estradiol. Does were inseminated with .2 ml of diluted semen (1 part semen: 2.5 parts saline solution) containing about 30 million sperm. Insemination was performed immediately after the semen was diluted. Does were necropsied and sperm recovered 2.5 h after insemination. Data were analyzed by analysis of variance.
Exp. 6. Effect of Estradiol on Uterine
Contractions. Transducers were attached to one uterine horn of 12 does and contractions were recorded 5 to 8 d later. Seven does were in estrus (d 0) and five had ovulated (d 1). The sequence of hCG and estradiol injections were identical to those in Exp. 5. Recordings were begun 1 h before injection of estradiol.
Recordmgs of contractions were analyzed for each of three 20-min periods: (1) immediately before injection of estradiol; (2) about 2 h after injection and (3) about 4 h after injection. Uterine contractions were measured at 2 and 4 h to bracket the 3.5-h time interval from estradiol treatment to necropsy used in Exp. 5.
As an adjunct to Exp. 6, in which uterine contractions were detected by strain gauge force transducers, a test was made of the effect of estradiol on uterine contractions detected by open-end catheters in the uterine lumen. Twelve estrous does were treated with hCG to induce ovulation. On d 1, the does were treated, by im injection, with corn oil or with 3 ttg of estradiol-17~ in corn oil. About 3 h later, the does were anesthetized and fluid-filled catheters were introduced into the uterine lumen through the vagina and cervix and connected to a NARCO RP-1500 pressure transducer. Pressure changes were recorded for about 1 h. Six other does, three treated with estradiol and three treated with corn oil, were used while in estrus (d 0).
Exp. 7. Ovum Fertilization. This experiment
was conducted to determine whether prostaglandin F2a would improve ovum fertilization rates. Estrous does in trios were injected iv with 100 IU of hCG to induce ovulation. Six hours later, the does were inseminated artificially with .2 ml of freshly collected diluted semen (1:400 to 1:800 dilution, with an average of 86,000 sperm/inseminate). Sperm numbers were intentionally limited to obtain a low fertilization rate in control does. Immediately after insemination, the three does of each trio were given saline solution, PGF (.75 mg) or phenylephrine HC1 (5 mg). Phenylephrine had previously improved fertilization rates under similar experimental conditions (Hawk et al., 1982) and was used here as a positive control. Does were necropsied 30 h after injection of hCG and ova were recovered and examined for cleavage and numbers of accessory sperm as described by Hawk et al. (1982) . Proportions of control and treated does with cleaved ova and proportions of ova that were cleaved were compared among groups by chi-square.
Results
Exp. 1. Acetylcboline. In Phase A of the experiment, the administration of 5 mg of acetylcholine/doe had little effect on sperm numbers in any segment of the reproductive tract ( aTen does/group. Acetylcholine chloride or saline solution was injected ira immediately after mating.
bMultiplier for each mean.
eprobabilities by analysis of variance of logarithms of actual sperm numbers.
1). However, 20 mg of acetylcholine/doe (Phase B) increased the number of sperm in the cervix and vagina and the total number in the reproductive tract. The effect of the 20-rag dose of acetylcholine is seen in table 1 as significant phase x treatment interactions. The 20-mg dose of acetylcholine caused the death of three does during the course of the experiment, so the compound was not tested further for effects on sperm numbers. Because acetylcholine increased the number and strength of uterine contractions for only a few minutes, does in this experiment were necropsied for determination of sperm numbers at 1 h after mating. Whether an effect of acetylcholine on sperm numbers in the uterus and oviducts would have been detected at later times is not known.
Exp. 2. Metaproterenol and Propantheline.
These beta-adrenoceptor agonists were expected to relax contractions of the reproductive tract, which might reduce the natural drainage of sperm to the exterior soon after insemination and result in greater numbers of sperm remaining in the vagina. High numbers of sperm were recovered from the vagina and uterus of some treated does (table 2), but neither metaproterenol nor propantheline caused consistent increases in the number of sperm recovered from the reproductive tract.
Recordings of vaginal contractions indicated that metaproterenol reduced the number and amplitude of contractions for about 1 h. Propantheline had no apparent effect on contractions.
Exp. 3. Prostaglanclin F2c~ Dosage.
Treating does with PGF increased sperm numbers significantly in the oviducts, uterus, cervices and in the entire tract at 2.5 h after insemination (table 3). The .75-mg dose of PGF had the greatest effect on sperm numbers. The regression of sperm numbers on dose of PGF had a linear component that was significant for the oviducts and approached significance for the uterus, cervices and the entire tract. A nonlinear regression component was significant for each of these segments of the tract. Nonlinearity was caused primarily by the marked decline in sperm numbers from Group 3 (.75-mg dose) to Group 4 (3.75-mg dose). The results suggested that the .75-mg dose of PGF was near optimal for increasing sperm numbers in the reproductive tract. blnseminate/doe = 111 + 9 million sperm.
Exp. 4. Effects of Acetylcboline and Prosta
CMultiplier for each mean.
dprobabilities by analysis of variance of logarithms of sperm numbers among groups and orthogonal regression comparisons of sperm log numbers on dose of prostaglandin.
at Universidad Autónoma Chapingo on August 28, 2013 www.journalofanimalscience.org Downloaded from bDefinitions: Primary contraction = a period of contraction consisting of either a single contraction peak or a period of increased uterine tone with secondary contraction peaks superimposed. Amplitude = distance (mm) from baseline to the highest peak in a primary contraction. Seconday contraction = a contraction superimposed on a primary contraction. Total number of contractions = primary plus secondary contractions.
CNumber of does in the treatment group in parentheses. Amount of compound administered im: acetylcholine chloride, 15 mg; prostaglandin F2c~ , .75 mg.
dAcetylcholine caused an immediate contractile response, which consisted of increased tone (sustained primary contraction) for 2 to 8 min upon which was superimposed frequent secondary contractions of high amplitude. The total number of contractions averaged 37 during the first 5 min and 21 during the second 5 min.
eprobabilities by analysis of variance.
able from those of the pretreatment period. In the statistical analysis, the effect of PGF treatment is seen most clearly in the differences between the 10-to 30-min and 60-to 80-min periods after treatment. The results demonstrated that the dose of PGF that caused a marked increase in sperm numbers in the reproductive tract at 2.5 h after insemination (table 3) also caused a marked change in uterine contractions. Whether the change in contraction pattern was responsible for the increased numbers of sperm in the reproductive tract is not known. aTwelve does/group. Day 0 does (Groups 1 and 2) were given an im injection of corn oil or 3 ~g of estradiol followed 1 h later by an iv injection of 100 IU of hCG and artificial insemination; Day 1 does (Groups 3 and 4) ~vere given 100 IU of hCG on d O, followed 23 h later by 3 /~g of estradiol and 1 h after estradiol by artificial insemination.
Exp. 5. Effect of Estradiol on
bMean + SE. Inseminate = 30 -+ 1 million sperm.
CMultiplier for each mean. dprobabilities by analysis of variance of logarithms of actual sperm numbers.
sperm from the entire reproductive tract. Because equal numbers of sperm were artificially inseminated into does of each group, the results indicated clearly that estradiol increased the retention of sperm in the reproductive tract. The number of sperm recovered from the entire tract, as a percentage of the number inseminated, averaged, on d 0, 16% and 57% for control and estradiobtreated does, respectively, and on d 1, 15% and 27%, respectively.
The number of sperm recovered from the various segments of the reproductive tract on d 0 (table 5) and the effect of estradiol on sperm numbers on d 0 were nearly identical to the results of a previous experiment (Hawk and Cooper, 1978) .
Exp. 6. Effect of Estradiol on Uterine Contractions.
Neither the number of primary contractions nor the total number of contractions differed between d 0 and d 1 (table 6), and estradiol treatment had no significant effect on the number of contractions on either day.
The records of uterine contractions (table 6) do not provide an obvious explanation for the effects of estradiol on sperm numbers (table 5) because the estradiol-induced increase in sperm numbers did not appear to be associated with an effect of estradiol on contractions.
In does in which an open-end catheter was placed in each uterine horn and contractions recorded on d 1, the total number of pressure increases/10 min for six control does and six does given an im injection of estradiol 3 to 4 h previously was 24 + 3 and 35 + 3, respectively (P = .12). Contractions were also recorded in three control and three estradiobtreated does into which catheters were inserted on d 0. No effect of estradiol was discernible, although exogenous estradiol increased sperm numbers to a greater degree on d 0 than on d 1 (table 5) .
Exp. 7. Ovum Fertilization. Prostaglandin F2~ increased the proportion of does with cleaved ova and the proportion of ova that were cleaved (table 7) . Phenylephrine also increased the fertilization rate, as in a previous experiment (Hawk et al., 1982) . Total numbers of accessory sperm were higher in the treated does ( bNumber of does in parentheses. Sequence for d 0 does: "before treatment" contractions recorded; im injection of 3 #g of estradiol, followed 1 h later by iv injection of 100 IU of hCG; "after treatment" contractions were measured for 20-rain periods about 2 and 4 h after injection of estradiol. For d 1 does: 100 IU of hCG on d 0, followed 23 h later by 3 #g of estradiol; "before treatment" contractions were measured immediately before estradiol treatment, and "after treatment" contractions were measured for 20-rain periods about 2 and 4 h after injection of estradiol.
found in an uncleaved ovum recovered from a control doe, accessory sperm were found only in cleaved ova. Most of the cleaved ova contained four blastomeres, with a few ova containing only two. The results demonstrated that either PGF or phenylephrine could increase the proportion of ova fertilized, presumably by increasing the number of sperm reaching the oviducts, when limited numbers of sperm were used for insemination.
Discussion
In previous research in this laboratory, both estradiol-17/3 and prostaglandin F2a increased the number of sperm in each segment of the reproductive tract of the rabbit doe at 2 to 3 h after insemination and estradiol improved the ovum fertilization rate Cooper, 1978, 1979) . Results of the current experiments indicate that .75 mg of prostaglandin F20t (1) is near the optimum dose for increasing the dFigures in parentheses are percentages of ova that were cleaved of the total number of ova recovered.
at Universidad Autónoma Chapingo on August 28, 2013 www.journalofanimalscience.org Downloaded from number of sperm in the doe, (2) increases uterine motility in association with its effect on sperm numbers, and (3) improves the ovum fertilization rate in does inseminated with low numbers of sperm. These experiments also indicate that estradiol causes the retention of more sperm in the reproductive tract of does in estrus than of does on the day after ovulation. There was no clear evidence that intensified uterine motility was an important component of the mechanism by which estradiol increased sperm numbers in the reproductive tract during the first few hours after insemination.
Results with acetylcholine, metaproterenol and propantheline suggest that these compounds have limited usefulness for increasing sperm numbers in the doe. Although the time of necropsy after administration of these compounds was only 1 h after insemination, estradiol had caused a marked increase in sperm numbers in the oviducts as well as in other segments of the reproductive tract at 1 h after mating (Hawk and Cooper, 1976) .
Both PGF and estradiol increase the number of sperm retained in the reproductive tract after insemination Cooper, 1978, 1979 , and tables 3 and 5 of present study). The increased retention is presumably caused by reduced drainage of semen to the exterior, which normally results in the loss of most of the sperm in the inseminate within 30 min after insemination (Morton and Glover, 1974) . It is not clear whether PGF-and estradiol-induced retention of sperm in the vagina and cervix provides the sole basis for increased numbers of sperm in the uterus and oviducts or whether active enhancement of sperm transport is also involved.
Contractions of the female reproductive tract almost certainly play an important role in sperm transport to the oviducts (Bedford, 1972; Blandau, 1973) . Whether intensified contractions are always involved in instances of drug-induced increases in sperm reaching the oviducts seems to be questionable. Uterine contractions could have mediated the prostaglandin F2a-induced increases in sperm numbers in the uterus and oviducts. However, if contractions mediated the effect of estradiol on sperm numbers, the exogenous estradiol must have either altered contractions at some site other than the uterus or changed some contraction characteristic that was not identified in the recordings. The similarity between estradiol and prostaglandin F 2 a in increasing the number of sperm throughout the reproductive tract might suggest that sperm retention in the vagina and cervix was the common factor responsible for increasing the number of sperm reaching the oviducts. In concurrent experiments (Hawk et al., 1982) , phenylephrine and ergonovine administered to rabbits near the time of insemination both increased the number of sperm in the uterus and oviducts 2 or 2.5 h later, but only phenylephrine increased the number and strength of uterine contractions. Also, methoxamine increased contractions but had little or no effect on sperm numbers. Clearly, the mechanisms responsible for determining the number of sperm that reach the oviducts require further elucidation.
